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Introduction {#sec1}
============

Electrochemical energy storage (EES) devices play an indispensable role in our daily life owing to their widespread applications in portable electronics, electric vehicles, and large-scale regenerative energy storage systems ([@bib31], [@bib48]). Among these, Li-ion batteries (LIBs) offer high energy density (150--200 Wh kg^−1^) but not enough power density (\<1 kW kg^−1^) ([@bib31], [@bib44]). The electrostatic double-layer capacitance (EDLC) can offer transitory high power output (\>1 kW kg^−1^), but the low energy density (\<10 Wh kg^−1^) limits their further applications ([@bib44], [@bib54]). The goal of next-generation EES devices is to achieve high energy density close to that of LIBs and high power density close to that of EDLCs ([@bib31], [@bib54]). In this case, a method of combining the operation mechanism of both LIBs and EDLCs to simultaneously utilize their individual advantages for the charge storage processes is proposed, that is, the first-generation hybrid ion capacitors (HICs) ([@bib3]). Since 2001, Amatucci and co-workers ([@bib1]) constructed a hybrid Li^+^-ion capacitor (LIC) by using an EDLC-type activated carbon (AC) cathode and a nanostructured battery-type Li~4~Ti~5~O~12~ anode, which delivered an energy density up to 20 Wh kg^−1^ (∼3 times that of a conventional carbon-based supercapacitor). After that, many HICs were developed, such as Nb~2~O~5~//AC ([@bib12]), MoS~2~//AC ([@bib10]), Li~3~VO~4~//AC ([@bib40]), and so forth ([@bib44], [@bib54]). The energy densities of HICs were gradually improved (approached 140 Wh kg^−1^), which show great promising applications.

The market of lithium-relate EES devices is huge and is rapidly growing; unfortunately, the lithium resource is limited ([@bib13]). As an emerging technology that could complement current LIBs/LICs, sodium ion storage technology has attracted much attention due to the low cost and wide distribution of abundant sodium resource ([@bib13], [@bib32], [@bib34], [@bib38]). Having similar configurations as LICs, the general sodium ion capacitors (SICs) are using the AC as cathode and the battery-type or pseudocapacitive oxides/sulfides as anode ([@bib16], [@bib44]). Recently, many investigations on the SICs have been published, indicating the wide attention in this area. Several SIC configurations, such as NaTi~2~(PO~4~)~3~//AC ([@bib48], [@bib49]), Nb~2~O~5~//AC ([@bib12], [@bib29]), TiO~2~//AC ([@bib25]), Ti(O,N)//AC ([@bib16]), and Na~2~Ti~3~O~7~//AC ([@bib15]), show advantages in high-rate applications. Till now, most of these concepts have used the high surface area of EDLC-type AC as the cathode. The EDLCs utilize non-faradaic electrostatic ion adsorption at the surface or inside pores to store charge, and the storage capacity is very limited ([@bib5]). The battery-type Na~2~Fe~2~(SO~4~)~3~ cathode has been used for SIC with enhanced capacity and energy; however, its unstratified reaction kinetics when matched with high pseudocapacitive Ti~2~C-MXene anode hindered the rate performance of the full capacitor ([@bib43]). High-capacity cathode materials with excellent rate performance are relatively less explored, but much more are expected. The pseudocapacitance arises when reversible faradaic redox reaction at or near the surface of a material in contact with electrolyte, which delivers much higher capacitance than EDLCs but still with high rate capability ([@bib5], [@bib6], [@bib31]). In this case, an appropriate pseudocapacitive cathode instead of an EDLC-type AC with much enlarged capacity is urgently required. Therefore, much higher energy density, close to battery level, will be expected. However, till date, this kind of cathode, especially for sodium storage, remains largely unexploited.

Layered transition metal oxides (TMOs) with two-dimensional channels for Na^+^ ion intercalation are the most promising sodium storage materials ([@bib13], [@bib21], [@bib52]). Recently, different phases and nano-morphologies of TMOs have shown attractive sodium storage performance ([@bib11], [@bib18], [@bib20], [@bib23], [@bib37], [@bib41], [@bib45]). However, they rarely demonstrate pseudocapacitive storage abilities, especially for the ones used as cathodes. Wei et al. reported that the V~2~O~5~·*n*H~2~O xerogel with large interlayer spacing (∼11.53 Å) delivered a high capacity up to 338 mAh g^−1^ and an impressive pseudocapacitive sodium storage behavior ([@bib46]). However, the layered vanadium oxide xerogel structure was unstable during long-term cycles. The vanadates, derivatives of vanadium-based materials, with increased electronic conductivity and enlarged/stabilized layer structure without blocking ion diffusion show promising electrochemical performance ([@bib17]). Sodium vanadate (Na~1.25~V~3~O~8~ and Na~1.1~V~3~O~7.9~) showed excellent cyclability and rate capability as a sodium storage cathode ([@bib14], [@bib53]). Among the families of vanadates, ferric vanadates are abundant and natural. The Kazakhstanite phase \[Fe~5~V~15~O~39~(OH)~9~·9H~2~O, known as Fe-V-O\], one of the ferric vanadates, has a large layered spacing (*d*~002~ = 10.51 Å), which is beneficial for sodium diffusion. However, the detailed charge storage mechanism and reaction kinetics are unclear yet.

For anode materials, hard carbon (HC) is regarded as the most promising material ([@bib27], [@bib22], [@bib52]). HC has a "house-of-cards" structure, containing graphite-like microcrystallites and amorphous carbon. Liu and co-workers recently confirmed the "adsorption-intercalation" sodium storage process in HC materials ([@bib36]). In detail, the Na^+^ ions first absorb on the active sites on the HC surface, leading to a sloping voltage profile (above 0.2 V versus Na^+^/Na). Then, Na^+^ ions intercalate into the graphite-like microcrystallites, showing a flat voltage plateau (below 0.2 V versus Na^+^/Na). The electrochemical performance and the contribution of capacity from the adsorption and intercalation regions are related to the microstructure ([@bib22], [@bib36]). In this work, we utilize the capacitive adsorption mechanism of HC anode and match it with the high-rate pseudocapacitive cathode to assemble an SIC with both high energy and high power densities.

Herein, the sodium storage performance of the layered Fe-V-O nanosheets (NSs) cathode is investigated, which delivers a high reversible sodium storage capacity up to 229 mAh g^−1^ at 0.25 C (1C = 200 mA g^−1^), excellent rate capability, and cycling stability. The pseudocapacitive sodium storage mechanism is further demonstrated by *ex situ* characterizations and detailed electrochemical kinetics analysis. Furthermore, we assemble an SIC, utilizing the high pseudocapacitive Fe-V-O cathode and capacitive adsorption HC anode ([@bib22], [@bib36]), which shows remarkable electrochemical performance. Owing to the pseudocapacitive Fe-V-O cathode having much higher capacity than that of AC, the assembled HC//Fe-V-O SIC delivers a high energy density of ∼194 Wh kg ^−1^, which is very close to battery level. Meanwhile, the SIC shows excellent high average power density up to 3,942 W kg^−1^ with a high energy density of 32 Wh kg^−1^. This work demonstrates that pseudocapacitive cathodes are promising candidates for the next-generation SICs with both high energy and power density.

Results {#sec2}
=======

Structure and Morphology Characterization of Fe-V-O NSs {#sec2.1}
-------------------------------------------------------

[Figure 1](#fig1){ref-type="fig"}A shows the X-ray diffraction (XRD) patterns of the as-synthesized Fe-V-O sample. All the peaks are indexed to a pure phase of Fe~5~V~15~O~39~(OH)~9~·9H~2~O (monoclinic, *a* = 11.84 Å, *b* = 3.65 Å, *c* = 21.27 Å, *β* = 100°, JCPDS Card No. 46-1334) ([@bib35], [@bib50]). Fourier transform infrared spectrum ([Figure S1](#mmc1){ref-type="supplementary-material"}) shows the stretching vibration of O--H band (3,400 cm^−1^) and the symmetric band of δ(H~2~O) vibrations (1,624 cm^−1^), indicating the existence of water molecules ([@bib46], [@bib47]). The peaks at 537 cm^−1^ (out-of-plane V-O-V vibrations) and 1,004 cm^−1^ (V=O stretching bond) are the characteristics of vanadium oxide layered structure ([@bib46], [@bib47]). The electronic states of vanadium and iron for Fe-V-O NSs were further investigated by X-ray absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS). The V L-edge XAS spectra ([Figure 1](#fig1){ref-type="fig"}B) demonstrate two sets of features located at the ranges of 513--520 eV and 520--528 eV, respectively, corresponding to the L~3~-edge and L~2~-edge. The V L-edge spectrum of Fe-V-O resembles the convolution of the spectra of VO~2~ and V~2~O~5~, indicating that the valence state of vanadium in Fe-V-O NSs is between +5 and +4. Detailed V 2p XPS spectrum analysis ([Figure S2](#mmc1){ref-type="supplementary-material"}A and [Table S1](#mmc1){ref-type="supplementary-material"}) reveals that the content of V^5+^ is much higher than that of V^4+^ for Fe-V-O and the ratio of V^5+^ to V^4+^ is ∼13.8:1.2 ([@bib46]). In addition, the spectral shape and peak position of the Fe L-edge XAS spectrum ([Figure 1](#fig1){ref-type="fig"}C) of Fe-V-O NSs is similar to that of Fe~2~O~3~, indicating the existence of Fe^3+^, which is consistent with the Fe 2p XPS-fitting results ([Figure S2](#mmc1){ref-type="supplementary-material"}B).Figure 1Phase and Morphology Characterization of Layered Fe-V-O NSs(A) XRD patterns of the layered Fe-V-O NSs. XAS L-edge spectra of V (B) and Fe (C). Scanning electron micrograph (D) and TEM (E) and high-resolution TEM (HRTEM) (F) images of layered Fe-V-O NSs.See also [Figures S1--S3](#mmc1){ref-type="supplementary-material"}.

The morphology and detailed microstructure of the as-synthesized sample were investigated using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The panoramic view of the sample ([Figures 1](#fig1){ref-type="fig"}D and 1E) reveals a uniform large-scale nanosheet morphology with an average size of ∼1 μm, indicating a high yield of the facile synthesis method. Specifically, the two-dimensional NSs nanostructures are very attractive for electrode materials owing to the high surface area exposed to the electrolyte, short ion/electron diffusion distance, and facile strain relaxation ([@bib2], [@bib6]). The large layered fringes observed at the edge of nanosheets indicate the layered structure of the Fe-V-O ([Figure 1](#fig1){ref-type="fig"}F). The energy-dispersive X-ray spectroscopy result ([Figure S3](#mmc1){ref-type="supplementary-material"}) reveals an atomic ratio of V:Fe of ∼3.23:1. The Brunauer-Emmet-Teller (BET) specific surface area of NSs is 34 m^2^ g^−1^.

Sodium Storage Performance of Fe-V-O NSs Cathode {#sec2.2}
------------------------------------------------

The electrochemical performance of Fe-V-O NSs was investigated by assembling half-cells (2025-type coin cell) with sodium as anode. Galvanostatic test at 0.25 C (50 mA g^−1^) in a potential range of 1.3--3.8 V (versus Na^+^/Na) was first performed. The charge-discharge curves of the Fe-V-O NSs cathode ([Figure 2](#fig2){ref-type="fig"}A) displays slope line curves. The initial discharge capacity of Fe-V-O cathode is 229.8 mAh g^−1^, indicating a charge storage of ∼17 mol Na^+^ per unit formula. The calculation is based on the equation: *n* = (3.6*MC*)/*F*, where *n* is the ion storage number, *F* is the Faraday constant, *C* is he capacity, and *M* is the molecular weight. The subsequent charge and discharge capacity is 229.5 and 229.3 mAh g^−1^, respectively, indicating highly reversible sodiation/desodiation process.Figure 2Sodium Storage Performance of Layered Fe-V-O NSs Cathode(A) Charge-discharge curves of the layered NSs at a rate of 0.25 C in 1.3--3.8 V. Rate performance (B) and long-term cycling performance at 10 C (C) of layered Fe-V-O NSs cathode.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

The rate performance at progressively increased rates (ranging from 0.25 to 75 C) was further measured ([Figure 2](#fig2){ref-type="fig"}B). A high capacity of 199, 164, 139, and 114 mAh g^−1^ at 1, 5, 10, and 20 C are obtained, respectively. Even at higher rates of 40 and 75 C, the Fe-V-O NSs cathode delivers a high capacity of 87 and 61 mAh g^−1^, respectively. [Figure S4](#mmc1){ref-type="supplementary-material"} shows the charge-discharge curves from the rate testing. The slope lines are observed at various rates and the overpotential is very small, indicating the fast reaction kinetics ([@bib51]). Owing to rapid changes of current density, the electrode exhibits very stable capacity at each current. When the current is turned back to 5 C, almost 100% of the capacity is recovered and there is no obvious capacity loss after the following 10 cycles. The Fe-V-O NSs cathode also shows remarkable long-term cycling performance ([Figure 2](#fig2){ref-type="fig"}C), that is, a capacity retention of 89% after 1,000 cycles at a high rate of 10 C. The rate capability of layered Fe-V-O NSs is better than those reported for state-of-the-art vanadium oxide and vanadate cathodes ([@bib14], [@bib30], [@bib33], [@bib37], [@bib41], [@bib46], [@bib53]).

Sodium Storage Mechanism and Kinetics Analysis of Fe-V-O NSs Cathode {#sec2.3}
--------------------------------------------------------------------

*Ex situ* XRD of the Fe-V-O cathodes at different discharged and charged states were measured to investigate the structural changes during sodiation/desodiation processes. As shown in [Figure 3](#fig3){ref-type="fig"}A, the (002) diffraction peak shifts to higher angles (interlayer spacing distance is reduced) after sodiation, owing to the enhanced coordination reaction between the layers by the intercalation of Na^+^ ions ([@bib46]). During the sodiation and desodiation process, the (002) diffraction peaks shift almost negligibly (*d*~002~ is stable at ∼8.97 Å), indicating no phase change (as a characteristic for the typical pseudocapacitive behavior) ([@bib5]). After one cycle, the layer spacing of Fe-V-O keeps the electrochemical activated state, which inhibits layer breathings during the following Na^+^ intercalation/extraction ([@bib43], [@bib46]). The very small layered lattice breathing is good for obtaining excellent cyclability ([@bib4], [@bib25]).Figure 3Pseudocapacitive Sodium Storage Mechanism of Layered Fe-V-O NSs Cathode(A) *Ex situ* XRD patterns of Fe-V-O NSs cathodes at various discharged and charged states.(B and C) *Ex situ* V 2p (B) and Fe 2p (C) XPS spectra of the Fe-V-O NSs cathode at pristine state and discharged to 1.3 V. The redox reaction obtained from the XPS analyses confirms the pseudocapacitive charge storage mechanism.(D) CV curves of layered Fe-V-O NSs at various scan rates from 0.2 to 1.0 mV s^−1^.(E) The peak currents versus scan rates plots to determine the *b*-value of the anodic and cathodic peaks.(F) Capacitive contributions (shaded area) to charge storage at a scan rate of 0.2 mV s^−1^.See also [Table S1](#mmc1){ref-type="supplementary-material"}.

The *ex situ* XPS spectra of Fe-V-O cathode after discharge to 1.3 V ([Figures 3](#fig3){ref-type="fig"}B and 3C) were further collected to investigate the valence changes of vanadium and iron during sodiation reaction. After peak fitting, it is clearly seen that both vanadium ([Figure 3](#fig3){ref-type="fig"}B) and iron ([Figure 3](#fig3){ref-type="fig"}C) are reduced. Based on the calculation of valence changes from XPS data ([Table S1](#mmc1){ref-type="supplementary-material"}), the average valence state of vanadium is reduced from +4.92 to +3.90, indicating that the total transferred charge from the redox of vanadium is 15.32 mol e^−^ per unit formula. Iron valence is reduced from +3.00 to +2.66, according to 1.02 mol e^−^ per unit formula, from the redox of iron. Charge storage is mainly from the redox of vanadium rather than that of iron. The total redox reaction (16.34 mol e^−^ per unit formula) obtained from the XPS analyses was very closed to the delivered capacity (∼17 mol Na^+^ per unit formula), confirming the faradaic redox charge storage mechanism of Fe-V-O NSs cathode.

Kinetics analysis was further undertaken based on cyclic voltammetry (CV) method. The CV curves of Fe-V-O NSs cathode at various scan rates are shown in [Figure 3](#fig3){ref-type="fig"}D. A couple of redox peaks located at ∼2.10 and 1.96 V (versus Na^+^/Na) and a rectangular shape are observed. The redox peaks shift slightly with the increasing scan rates, indicating excellent reaction kinetics ([@bib4]). A related analysis is taken to investigate the relationship between peak current (*i*) and scan rate, according to [Equation 1](#fd1){ref-type="disp-formula"} ([@bib4], [@bib44]).$$i = a\nu^{b}$$

The value of *b* = 0.5 indicates semi-infinite linear diffusion controlled charge storage, whereas *b* = 1 means capacitive-dominated charge storage ([@bib4]). The *b*-value can be obtained by plotting log(*i*) versus log(*v*) ([Figure 3](#fig3){ref-type="fig"}E). After linear fitting, the *b*-values of peaks 1/1′ and 2/2′ are 0.85/0.88 and 0.99/0.94, respectively. The *b*-values are very closed to 1, indicating a capacitive-dominated process.

Further calculation of the diffusion and capacitive contributions to the total capacity are done by using [Equation (2)](#fd2){ref-type="disp-formula"}, in which the current (*i*) at a potential (V) comes from capacitive- (*k*~1~ν) and diffusion-controlled contributions (*k*~2~ν^1/2^) ([@bib48], [@bib54]).$$i\left( V \right) = k_{1}\nu\  + \ k_{2}\nu^{1/2}$$

The capacitive contribution is analyzed to be at a rate of 0.2 mVs^−1^, whereas the capacity contribution from the diffusion process is maximization at relatively slow rate. The shaded region ([Figure 3](#fig3){ref-type="fig"}F) shows the obvious capacitive contribution area of Fe-V-O NSs cathode, whereas the calculated percentage is 83.0%. Based on the above XPS analysis, it is proved that the capacitive behavior is dominated by faradaic pseudocapacitive ratio rather than that of EDLC. From the total capacity (792 C g^−1^) obtained by CV performed at 0.2 mV s^−1^ in the range 1.3--3.8 V and taking the capacitive contribution of 83% into account, the capacitance of Fe-V-O obtained is ∼262 F g^−1^. Thus, the normalized specific areal capacitance of Fe-V-O NSs is 771 μF cm^−2^, which is much higher than that of EDLC (10--20 μF cm^−2^) ([@bib31]). This computation demonstrates the pseudocapacitive-dominated sodium storage process, which contributes to delivering fast charge storage.

Electrochemical Performance and Sodium Storage Mechanism of Hard Carbon Anode {#sec2.4}
-----------------------------------------------------------------------------

The detailed synthesis and characterizations of HC anode are discussed in the supporting information ([Figure S5](#mmc1){ref-type="supplementary-material"}). The *d*~002~ of HC is calculated to be 3.80 Å based on the XRD pattern ([Figure S5](#mmc1){ref-type="supplementary-material"}A), which is beneficial for large-sized Na^+^ ion insertion ([@bib24]). Raman spectrum ([Figure S5](#mmc1){ref-type="supplementary-material"}B) shows that *I*~D~/*I*~G~ is 1.01, indicating the coexistence of graphite layer and disorder region. [Figure S5](#mmc1){ref-type="supplementary-material"}C shows the slope of the N~2~ adsorption-desorption isotherms, indicating the existence of nanoporous structure in HC. The BET surface area of HC is ∼190 m^2^ g^−1^.

The charge-discharge curves of the HC anode at 0.25 C (50 mA g^−1^) display the typical sloping voltage and flat plateau regions, consistent with previously reported results ([Figure S6](#mmc1){ref-type="supplementary-material"}) ([@bib39]). To match the potential range of Fe-V-O cathode, the following cycles of HC anode were tested in the window of 0.001--1.3 V (versus Na^+^/Na), as shown in [Figure 4](#fig4){ref-type="fig"}A. The initial discharge capacity of HC anode is 459 mAh g^−1^, whereas subsequently it is 240 mAh g^−1^, indicating a columbic efficiency (CE) of 52.3%. The low initial CE is due to the reduction of electrolyte and the formation of solid-electrolyte interface (SEI) layers under the low potential ([@bib8], [@bib24], [@bib36]). The rate performance of the HC anode is shown in [Figure 4](#fig4){ref-type="fig"}B. The HC anode shows excellent rate capability: a high capacity of 206, 152, and 116 mAh g^−1^ is obtained at the rate of 1, 10, and 20 C, respectively. Even at 40 and 75 C, a high value of 84 and 52 mAh g^−1^ is delivered, respectively. The charge-discharge curves of HC anode ([Figure S7](#mmc1){ref-type="supplementary-material"}) show that the flat plateaus coming from Na^+^ ion intercalation/extraction fade away with increasing rate. The cycling performance of HC anode is excellent: a capacity retention of 87% after 1,000 cycles at a rate of 10 C ([Figure 4](#fig4){ref-type="fig"}C).Figure 4Sodium Storage Performance and Kinetics Analysis of HC Anode(A--C) (A) Galvanostatic charge-discharge curves of HC anode at 0.25 C in a potential window of 0.001--1.3 V. Rate performance (B) and long-term cycling performance at 10 C (C) of HC anode.(D) CV curves of HC anode at various scan rates from 0.2 to 1.0 mV s^−1^.(E) Capacitive contributions (shaded area) to charge storage at a scan rate of 0.2 mV s^−1^.(F) The peak currents versus scan rates plots to determine the *b*-value of the sodiation and desodiation peaks.See also [Figures S5--S7](#mmc1){ref-type="supplementary-material"}.

Detailed kinetics analysis of HC anode was investigated further. The CV curves of HC anode at scan rates ranging from 0.2 to 1 mV s^−1^ ([Figure 4](#fig4){ref-type="fig"}D) were collected, which show a rectangular shape and a couple of peaks at ∼0.10 and 0.05 V, according to the adsorption-intercalation mechanism of HC. Furthermore, the capacitive and diffusion-controlled contributions were distinguished based on [Equation 2](#fd2){ref-type="disp-formula"}. The shared region shows the capacitive contribution of 79.0% ([Figure 4](#fig4){ref-type="fig"}E), which covers the whole area between 0.2 and 1.3 V and some in the peak location. The absorption of Na^+^ ions on the edges/defects of carbon contributes to the capacitive responses in the region. Meanwhile, owing to the size of graphite-like microcrystallites in HC being very small, the diffusion distance of the Na^+^ into these layers is very short, leading to some capacitive responses as well ([@bib22], [@bib36]). Furthermore, according to [Equation 1](#fd1){ref-type="disp-formula"}, the *b* values of sodiated/desodiated peaks are 0.8 and 0.86 ([Figure 4](#fig4){ref-type="fig"}F), respectively, consistent with the above discussion. This electrochemical capacitive adsorption behavior is due to the Na^+^ ions (1.02 Å) diffusing into the amorphous region and adsorbing on the edges/defects of carbons ([@bib9], [@bib19]). This kind of Na^+^ storage behavior is different from the EDLC process ([@bib39]). Further study on this is worth conducting.

Electrochemical Performance of HC//Fe-V-O NSs Sodium Ion Capacitor {#sec2.5}
------------------------------------------------------------------

Prompted by the above results, it is expected that the pseudocapacitive Fe-V-O NSs cathode and the capacitive adsorption HC anode are promising candidates for full SIC ([Figure 5](#fig5){ref-type="fig"}A). To reduce the irreversibility effect of anode in the initial discharge process and provide the shuttle of Na^+^ ions between the cathode and anode, pre-sodiated HC at 0.25 C for 5 cycles was prepared ([@bib25], [@bib26]). According to the charge balance, the mass ratio of HC to Fe-V-O is fixed as 1:1. The Fe-V-O cathodes deliver very similar rate performance in the half-cell ([Figure 2](#fig2){ref-type="fig"}B) and the full SIC tests ([Figure S8](#mmc1){ref-type="supplementary-material"}), owing to the well-matched storage kinetics between the cathode and anode ([Figure S9](#mmc1){ref-type="supplementary-material"}) ([@bib44]). The full SIC shows slope charge and discharge curves in a voltage window of 0--3.8 V ([Figure 5](#fig5){ref-type="fig"}B). The capacity and energy density of SIC are calculated based on the mass of cathode and sodiated anode materials. The discharge capacity of the full SIC is 104 mAh g^−1^ at 0.25 C. The SIC delivers effective cycles at different rates from 0.25 to 40 C. The capacity is 103, 95, 74, and 60 mAh g^−1^ at 0.5, 1, 5, and 10 C, respectively. Even at high rates of 20 and 40 C, the discharge capacity remains at 49 and 28 mAh g^−1^, respectively. [Figure 5](#fig5){ref-type="fig"}C shows the cycling performance and corresponding coulombic efficiency of the SIC at 10 C. The SIC shows stable cyclability over 800 cycles with a capacity retention of ∼67.2% and coulombic efficiency above 99.5%, indicating the outstanding reversibility of the HC//Fe-V-O full SIC.Figure 5Electrochemical Performance of HC//FeVO Full Sodium Ion Capacitor(A) Schematic of the SIC, consisting of pseudocapacitive Fe-V-O NSs cathode and capacitive adsorption sodiated HC anode.(B) The charge-discharge curves of SIC at various rates from 0.25 to 40 C in a voltage window of 0--3.8 V.(C) Long-term cycling performance of SIC at a rate of 10 C.(D) Ragone plots of HC//FeVO SIC and the comparisons among other reported SICs: Na~3~V~2~(PO~4~)~3~//AC ([@bib42]), Na~2~Ti~3~O~7~//graphene oxide films ([@bib15]), TiO~2~//AC ([@bib25]), Nb~2~O~5~\@C//AC ([@bib29]), V~2~O~5~//AC ([@bib7]), and LIC: Nb~2~O~5~//AC ([@bib28]).See also [Figures S8](#mmc1){ref-type="supplementary-material"} and [S9](#mmc1){ref-type="supplementary-material"}.

The Ragone plots of full SIC (energy density versus power density) are displayed in [Figure 5](#fig5){ref-type="fig"}D. The assembled SIC delivers a maximum energy density of ∼194 Wh kg^−1^ at an average power density of 45 W kg^−1^. The maximum energy of SIC reaches that of sodium ion batteries (SIBs) ([@bib13], [@bib38]). Meanwhile, the assembled SIC delivers excellent high power density with high energy density. Even at the high average power densities of 750 and 3,942 W kg^−1^, it shows a high energy density of ∼117 and 32 Wh kg^−1^, respectively. It is instructive to compare the electrochemical performance of HC//Fe-V-O SIC in this work to those of other reported SICs and even LICs. As shown in [Figure 5](#fig5){ref-type="fig"}D, HC//Fe-V-O SIC delivers higher energy densities than state-of-the-art SICs ([@bib7], [@bib15], [@bib25], [@bib29], [@bib42]) and LICs ([@bib28]). These results show that the as-assembled HC//Fe-V-O SIC is one of the promising energy storage devices with both high energy and power.

Discussion {#sec3}
==========

In summary, the layered Fe-V-O NSs cathode exhibits remarkable pseudocapacitance for sodium storage in non-aqueous system. The capacitive response contributes to over 83% of the total stored charge, which enables ultrahigh rate capability. Making a step forward in the field of full device systems, our asymmetric HC//Fe-V-O SIC shows excellent reversible rate capability and cycling stability. A maximum energy density of 194 Wh kg^−1^ is achieved, close to battery level. Meanwhile, the SIC delivers remarkable high average power density of 3,942 W kg^−1^ with a high energy density of 32 Wh kg^−1^. Our work highlights the significant advantages of capacitive electrodes for realizing high-rate sodium storage performance. The asymmetric SIC by utilizing the pseudocapacitive cathode and anode delivers remarkable high energy as well as high power performance.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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